Transmembrane potentials of AV nodal cells in isolated rabbit hearts were recorded during propagation of premature responses. With selected patterns of stimulation it was possible to obtain conduction block at different levels inside the AV node. When block occurred, action potentials recorded just proximal to the sites of block were brief. When propagation was barely successful, action potentials obtained from the same cells were prolonged and showed a hump in tie repolarizing limb. Assuming that the AV node behaves as a functional syncytium, these phenomena can be explained as follows.
ADDITIONAL KEY WORDS
conduction block repolarization in AV node duration of action potentials and refractory phase concealed conduction isolated rabbit heart
• Propagation of the excitatory wave across the AV node takes place with a relatively low margin of safety. When propagation is depressed under the influence of high driving rates or of acetylcholine, activation of some nodal cells may be considerably delayed (1) (2) (3) . Under these conditions, Hoffman et al. (4) have noted notches and steps on both the depolarization and the repolarization limbs of certain nodal action potentials, which result
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Accepted for publication October 8, 1966. in an apparent prolongation of the action potential. The steps during the repolarization phase have been ascribed to electrotonic spread of delayed activity from elements neighboring the impaled cell (5) . Under certain conditions in amphibian hearts and in small isolated pieces of rabbit ventricle, Churney and Oshima have recorded very brief, spikelike cardiac potentials (6, 7) .
In the present study, we have frequently observed brief nodal action potentials associated with intranodal block and long transmembrane potentials with notches or steps interrupting the repolarization limb when propagation is barely successful. The evi-
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dence obtained suggests that both phenomena result from the same basic mechanism; they can be readily explained if the AV node is considered as a functional syncytium with intercellular junctions that have a relatively low resistance.
Methods
The experiments were performed in excised rabbit hearts following the technique described by Hoffman et al. (4) , which permits ample exposure of the region of the AV node. To reduce the morility of the preparation, a modified Tyrode's solution with low calcium (1.8 HIM) was used (8) . The temperature of the chamber was maintained at 36° to 37°C.
In all experiments, the SA node was excluded and the preparation was driven electrically. Bipolar silver electrodes were applied to the right atrial roof and to the bundle of His. Stimuli were rectangular pulses (2 to 5 msec in duration) obtained from two Tektronix pulse generators. The outputs of the pulse generators were fed to two independent isolation transformers. The pulse generators were triggered by a device which permitted the application of a series of regular pulses followed by one or more test shocks. Each test stimulus could be delivered at any desired interval either through the same pair of driving electrodes or through the second pair of electrodes. The intervals were counted from a 10O-kc crystal oscillator. 1 Conventional techniques for recording transmembrane potentials were followed. Atrial electrograms were recorded from bipolar silver electrodes located in the crista terminalis close to the ostium of the coronary sinus. In general, two simultaneous records of nodal transmembrane potential were recorded along with the atrial electrogram. The electrical events were displayed on an oscilloscope (Tektronix, Type 565) at a sweep speed of 20 cm/sec and photographed with a Grass camera.
The position of the two recording microelectrodes was determined by a camera lucida coupled to a stereoscopic microscope. The anatomic landmarks were drawn on graph paper, and the position of each microelectrode puncture was marked on the drawing, taking as a reference the dimple the microelectrode caused in the surface of the tissue. The magnification of the microscope was determined with an ocular micrometer and a stage micrometer. The various locations of recording sites were defined in accord with the terminology proposed by Paes de CarvaDio and de Almeida (2) : AN designates the atrionodal junction; N, the midnodal region; and NH, the junction between node and His bundle.
For convenience in describing subthreshold depolarizations, these are referred to in the text as "local responses," although some of them must be passive electrotonic events and not local responses in the strict sense.
Results
I. CHARACTERISTICS OF BLOCKED AND PROPAGATED .RESPONSES
Early premature atrial responses were often blocked in transition from the N region to the NH region. The action potentials recorded just proximal to the site of block were always of reduced amplitude and brief duration. When a slightly later premature beat was successfully propagated to the NH region, a distinct hump appeared on the repolarization limb of the response recorded from the N region, and the action potential was considerably prolonged.
A typical experiment in which brief action potentials were associated with block and prolonged action potentials accompanied delayed transmission is illustrated in Figure 1 . In each section, the sweep was triggered with the last of a series of basic stimuli applied to the right atrium. The atrial electrogram appears as the upper trace; the middle trace corresponds to the transmembrane potential of a cell located low in the N region; and the lower trace shows the activity recorded from an NH cell. The distance between the two microelectrodes was 0.8 mm. In A, the basic response, A ]; traversed the node successfully. The test response, A 2 , was evoked 133 msec after A 3 , through the same pair of stimulating electrodes. This response was blocked between the two recording sites, and the action potential recorded from the N region was low in amplitude and brief in duration. In B, the AiA 2 interval was increased by 6 msec, and the test response was then able to complete its journey to the bundle of His. The delay between the activation of the impaled N and NH cells was about 35 msec, while the corresponding interval for the basic beat was 16 msec. A distinct hump,
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FIGURE 1
Dependence appearing on the repolarization limb at the proximal electrode, accounted for a considerable increase in duration of the action potential. The inscription of the notch coincided almost exactly with the upstroke of the potential recorded from the NH cell. In C, the AiAo interval was increased to 146 msec. The delay between the N and NH test responses decreased to 26 msec and the notch on the second trace moved correspondingly earlier.
Under these conditions, the duration of the N test response, measured at 5035 of its peak amplitude, was about 10 msec shorter than the corresponding response shown in B.
With very early premature atrial responses, it was possible in some experiments to obtain conduction block at a higher level; i.e., within the AN region. Figure 2 illustrates this point and shows that, depending on the prematurity of the test response, block could take place inside the node at five different levels. In each section of the figure, the upper trace shows atrial depolarization; the middle trace shows the activity of a cell located in the AN region; and the lower trace corresponds to the transmembrane potential of a cell of the lower NH region. In A, at an A^2 interval of 83 msec, no sign of activity was detected in either of the impaled nodal cells. In B, the A]Ao interval was 101 msec and the test response caused a local response in the AN cell. In C, the A1A2 interval was 118 msec. The test response, penetrating further into the upper node, caused a brief action potential in the AN cell but failed to alter the transmembrane potential recorded from the NH cell. In D, the A1A2 interval was increased by 5 msec. The premature response recorded from the AN region increased considerably in duration and, although it also failed to engage the NH region actively, the excitatory wave must have penetrated the node deeper than in C; it caused a minimal depolarization in the NH cell, as signaled by the arrow. In other words, the test response in D must have invaded at least part of the N region, while die corresponding response in C must have been blocked higher up in the node. In E, the A1A2 interval was 153 msec and a clear local response was recorded in the lower trace (arrow) again showing deeper penetration of the test impulse. When the AiA 2 interval was increased to 173 msec, both basic and test responses propagated successfully through the node.
Essentially the same phenomena can take place during retrograde propagation. The upper trace in Figure 3 shows the atrial electrogram; the lower trace corresponds to the transmembrane potential of a cell located low in the AN region. The arrows indicate the last basic stimulus (Si) and the test stimuli (S^) applied to the bundle of His. In A, the S1S2 interval was 114 msec; the test response penetrated the node but caused only a local response of the AN cell. In B, the SiS^ interval was increased by 1 msec. The premature retrograde response arrived at the impaled cell but failed to engage the atrium; the nodal action potential was greatly abbreviated. In C, the S1S2 interval was again increased by 1 msec; the test response reached the atrium and the duration of the nodal response increased considerably. In this experiment, depending on the prematurity of S 2 , intranodal block of the retrograde response could be induced at least at two different levels.
During conduction block, the amplitude and duration of the brief action potentials depended on the S1S0 interval. In the experiment illustrated in Figure 4 , the driving and test stimuli were applied to the atrium. The upper trace shows the atrial electrogram; the middle trace corresponds to the transmembrane potential of a cell located in the N region; and the lower trace shows the intracellular potential recorded from a cell located low in the NH region. At the SiS« interval of 129 msec in A, the response to S 2 was blocked between the recording microelectrodes. In B, the SiS 2 interval was increased to 139 msec; the brief intracellular action potential increased slightly in amplitude and duration (6.0 msec) and a local response was recorded from the NH cell. In C, the SiS 2 interval was 146 msec; propagation to the distal microelectrode was then successful, and a further increase in amplitude and duration of the action potential of the N cell occurred.
When conduction block took place proximal to a recording microelectrode (Figs. 2  and 3 ), local subthreshold depolarizations were recorded that resembled a local response (9, 10) . In all experiments, the size and shape of these local responses depended on the prematurity of the test response and therefore, presumably, on the depth of its penetration. In the records shown in Figure  5 , the stimuli were delivered to the atrium, and the transmembrane potential was recorded from a cell located in the NH region. In A, the A,A 2 interval was 141 msec and a small local response was recorded. In B, the AiA 2 interval was increased to 144 msec; the local depolarization increased in amplitude, but its general configuration was not changed. In C, the test shock was placed 2 msec later; the resulting local response not only increased in size but also showed an additional step. In tion of another. This suggestion is particularly strong in the case of the additional step of depolarization frequently noted quite late on some action potentials. . . . " A similar conclusion was reached by Alanis and Benitez (5) who showed that the initiation of the notch in a given cell and the upstroke of the action potential of a neighboring cell were simultaneous. Figure 1 of the present study is in agreement with their findings. Figure 6 provides convincing proof that the notch and the increase in duration of the nodal action potentials are due to the activity of elements distal to the original site of block. In this experiment, the distance between the microelectrodes was 0.2 mm. In each section, the upper trace shows the activity of a cell low in the N region and the lower trace corresponds to a cell high in the NH region. The upper arrows define the interval between the last basic driving stimulus and a test pulse applied to the atrium. This interval remained constant from A to £ and was chosen to obtain conduction block between the two microelectrodes; a brief action potential was recorded from the proximal electrode, and only a local response appeared in the distal cell. Under these conditions, the bundle of His was stimulated progressively earlier, as indicated by the position of the lower arrow. In A, the retrograde impulse invaded both the NH and N regions. In B, it is uncertain whether the N cell was actively engaged. From C to E, the retrograde impulse reached the NH electrode progressively earlier but failed to develop an active response in the N cell. However, the activity from the NH region added a hump and prolonged the duration of the N potential and it is clear that the beginning of the hump and the upstroke of the NH action potential moved pan passu. In F, the bundle was not stimulated, but the interval between the pulses applied to the atrium was increased by 14 msec to permit successful propagation. The response recorded from the N electrode was longer than the premature response in A, and a slight step appeared at the crest of the action potential. The configuration of this response resembles the activity recorded from the same electrode in E, in which the step and the prolongation of the action potential were due to retrograde propagation.
III. EFFECT OF COLLISIONS ON NODAL TRANSMEMBRANE POTENTIALS
When conduction block takes place inside the node, we have already shown that a cell just proximal to the site of block exhibits a brief action potential. Therefore one may ask whether repolarization of normally conducted impulses is delayed by the activity of cells distal to the recording site, which fire appreciably later in the course of propagation. To 
Influence of retrograde impulses on brief action potentials in the N region. Top trace = transmembrane potential of an N cell. Second trace -transmembrane potential of an NH cell. Stimuli were applied to the atrium (top arrows) and to the bundle of His (lower arrow). From A l o E the interval between atrial stimuli remained constant, but the test stimulus applied to the bundle of His was moved progressively earlier. In F, the interval between atrial stimuli was increased by 15 msec and the bundle was not stimulated. For explanation see text. Time and voltage calibrations = 50 msec and 25 mv, respectively.
answer this question, the following experiment was performed. The atrium and the bundle of His were stimulated, with time relations chosen to permit a collision of wavefronts at the approximate location of a recording microelectrode. Ideally, the impaled cell should then be the last nodal element to fire and the influence of subsequent neighboring depolarizations should be eliminated. One such collision is depicted in Figure 7 . In all sections, the upper trace shows the atrial electrogram and the lower trace corresponds to the activity of a cell located in the N region. In A, the test pulse S 2 was applied to the atrium 500 msec after the last basic stimulus (not shown); propagation took place in tissue fully recovered. In B, the test atrial stimulus was deleted and the bundle of His was stimulated at S 3 . By careful selection of the moment of application of this pulse, the retrograde activity appeared at the impaled cell at the same interval as the normograde response in A. The morphology of the response in B differs from that of A, in that the initial rate of depolarization is faster, and the action poCircmUiion Rnurcb, Vol. XIX, Dfmber 1966 tential duration, measured at 50$ of peak amplitude, is significantly longer. In C, both test stimuli were introduced to provide a collision at the recording site. The morphology of this action potential was slightly different from that obtained in A, but its duration was not significantly altered. In other words, during normograde propagation in fully recovered tissue, those elements which fired later than the impaled cell contributed essentially nothing to the repolarization limb. The response obtained during the collision appeared 3 msec earlier than in A or B. If propagation through the node is electrical, this last result should be expected as a result of field summation, especially since the margin of safety for propagation is low, even when the nodal cells are fully recovered. In this and other experiments, the position of the recording microelectrode was changed to different regions of the node, and in each case the test stimuli Si > and S 3 were timed to provide a collision at the recording site. The results obtained were essentially the same as those in Figure 7 .
Although the collision of two responses,
MENDEZ, MOE
A B lected to allow conduction block between the impaled cells, and S 3 was applied to the His bundle. In the absence of S 8 , the action potential of the N cell was brief. When S 8 was applied, the retrograde impulse engaged the NH cell and was blocked at the collision boundary between the recording sites. The N cell responded with a notched and prolonged action potential, similar to that shown under comparable circumstances in Figure 6D . In Collision each of which would be normally propagated in the absence of the other, yields an action potential of essentially normal duration at the collision boundary, Figure 8 shows that a blocked normograde impulse can influence the action potential duration of a retrograde response that collides with it. In each section of Figure 8 , the top trace is the atrial electrogram; the middle trace represents the transmembrane potential of a cell located low in the N region, and the bottom that of a cell located in the NH region. In A, Si and So were delivered to the atrium at an interval se-
Dependence B, the test pulse S 2 was deleted, but the SjSa interval remained the same. Under these conditions, the retrograde impulse traversed the node and engaged the atrium. It is apparent that the duration of the NH potential originated by S3 was considerably longer in the absence of S 2 , although the cycle length preceding the retrograde NH response was equal in A and B. The morphology of the N potential in B was different for normograde and retrograde propagation. Measured at 50* of peak amplitude, the retrograde N potential was 14 msec longer than the potential recorded from the same cell during normograde propagation, but at nearly complete repolarization, the two action potentials were of approximately equal duration.
IV. DEPENDENCE OF NODAL REFRACTORINESS ON THE CHARACTERISTICS OF TRANSMISSION
When conduction block takes place, the cells proximal to the site of block yield quite brief action potentials but the same cells give rise to long action potentials as soon as propagation becomes successful (Figs. 1-4, and 6) . One might expect a concomitant change in duration of the refractory phase. This possibility was tested in a number of experiments. Direct measurement of the refractory period of individual units by stimulation through the inrracellular micropipette was not feasible in the N region, where the differences in duration of action potentials are most striking, but it was possible to obtain a rough approximation of the effective refractory period by indirect means. The records reproduced in Figures 9-11 show how this was accomplished.
In the experiment from which Figure 9 was drawn, stimuli were applied to the atrium at intervals chosen to yield alternately brief and long action potentials in the N region. 
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FIGURE 9
Indirect estimation of refractoriness of "brief' and "long" action potentials. 
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of a cell in the NH region was also monitored as an indicator of success or failure of transmission, but the record is not included in the figure. In A, the premature response, A 2) initiated 116 msec after Ai, was blocked just below the impaled N cell, and a brief action potential was recorded. The As response was the earliest (A2A3 interval = 100 msec), which permitted the N cell to fire again. This response was propagated successfully to the NH region, and the action potential of the N cell was of long duration. In B, the AiA 2 interval was increased to 120 msec to permit complete propagation of A2; at full repolarization, the resulting N response was 40 msec longer than the corresponding activity recorded in A. The A2A8 interval was the same as in A but A 8 caused only a local response. In C, the A1A2 interval was increased by 4 msec to maintain propagation of A 2 , but to obtain a third N action potential, the A 2 A 8 interval had to be increased by 42 msec. This action potential did not propagate to the NH region and was therefore of short duration. In D, with the same A1A2 interval as in C, A3 had to be moved considerably later (A0A3 = 163 msec) to achieve successful propagation through the lower part of the node. These observations do not, of course, provide an accurate estimate of the refractory period of the impaled unit; in A, for example, the N cell was almost certainly excitable before the recorded response to A 8 , but no earlier effective input from above could be achieved. In B, the N cell may have been capable of a true action potential at the time of the local response, but the A 8 impulse failed to penetrate deeply enough to evoke it. Nevertheless, it can be concluded that the effective refractory period of the region proximal to the impaled unit was different in the two cases. An A 8 response that succeeded in penetrating to the impaled unit in A failed to do so in B.
In an attempt to assess the recovery of excitability following a brief action potential more accurately, the procedure illustrated in Figure 10 was used. These records were obtained from the same preparation as Figure 9 , but a different cell in the N region was impaled. At an SiS 2 interval of 131 msec, block occurred between N and NH, and a brief action potential was recorded in N. Since the tissue distal to the site of block was not invaded by the premature response, it should be capable of discharge by a retrograde response initiated in the His bundle. In other words, a test response S 3 can reach the region of the impaled unit without being delayed, as it was in Figure 9A , by intervening refractory tissue. The response to S 8 in Figure 10A clearly reached and discharged the N cell very shortly after it had fully repolarized from the S 2 discharge. Accordingly, we may conclude that a
A FIGURE 10
Refractoriness of a "brief' N action potential assessed with retrograde impulses. Top trace = atrial electrogram. Second trace = transmembrane potential of an N cell. Stimuli applied to atrium (S 2 and S t ) and to the bundle of His (S } ). In A, the test pulse S, caused a short N potential and the retrograde impulse originated by S 3 invaded the impaled cell. In B, at the same S,S, interval the test stimulus S, was followed by a "long" N potential and S s failed to elicit a response. (S f S a interval in A, 150 msec; in B, 160 msec). For explanation see text. Time and voltage calibrations = 50 msec and 25 mv, respectively.
brief action potential is in fact accompanied by a brief refractory period. Part B of Figure 10 is included to show the prolongation of the action potential in the same N cell when S2 was allowed to propagate. Under these conditions, of course, the His bundle itself was refractory when S 3 was applied.
We have already mentioned in section IV that if a retrograde impulse collides with an impulse already blocked in the N region, the resulting NH potential is shorter than when an impaired retrograde propagation is permitted (Fig. 8) . Figure 11 shows that the longer action potential is also accompanied by a longer refractory phase. The upper trace shows the atrial electrogram and the lower trace the transmembrane potential of a cell located high in the NH region. Si and S2 were applied to the atrium while Ss and S4 were applied to the bundle of His. In A, the SxSo interval was 123 msec and the test response failed to engage the impaled cell. However, a small local response was recorded, indicating that the N region fired. In B, the SiS 2 interval was not changed. The retrograde activity initiated by Ss must have collided above the impaled cell with the arrested response originated by A2. Following S 3 , S 4 was applied as early as a second retrograde NH response could be elicited. In C, the SiS^ and S S S 4 intervals were the same as in B, but the test pulse Sj was omitted. In the absence of a collision, the retrograde impulse initiated by S 3 reached the atrium, the corresponding NH potential was prolonged and its refractory period was also increased, since S 4 caused only a local response.
Discussion
DEPENDENCE OF AV NODAL POTENTIALS UPON THE CHARACTERISTICS OF TRANSMISSION
The evidence obtained in this study shows that duration of action potentials of AV nodal cells is always brief when recorded just proximal to a site of block, considerably greater when propagation barely succeeds, and intermediate when propagation takes place in fully recovered tissue. This dependence of duration of action potential on the characteristics of transmission can be explained if it is assumed that the AV node is functionally a syncytium; i.e., that the resistance offered at intercellular junctions is small enough to permit a significant flow of current between adjacent elements whenever a potential difference exists between them, during repolarization as well as depolarization. If this is the case, we must consider whether the action potential is intrinsically brief but subject to pro-
FIGURE I I
Refractoriness of "brief' and "long" NH action potentials. Top trace = atrial electrogram. Second trace •=. transmembrane potential of an NH cell. Stimuli were applied to the atrium (Sj and S t ) and to the bundle of His (S $ and S^. In A, the S x S t interval was selected to obtain block fust proximal to the location of the impaled ceU; the test response caused only a local response. In B, at the same S,S t interval, the retrograde impulse initiated by S } did not reach the atrium; the S } S t interval shown was the shortest that permitted a third NH response. In C, the S t S 3 and the S s S i intervals were the same as in B; S, was deleted and the retrograde impulse initiated by S 3 reached the atrium. S^ then caused only a "local response" in the impaled cell. In C, the duration of the second NH response is appreciably longer than in B.
For explanation see text. Time and voltage calibrations = 50 msec and 25 me, respectively. longation by subsequent events, or whether it is long but electrotonically influenced in one direction by adjacent elements that fire only after a delay, or oppositely by tissue that does not respond at all.
If the action potential is intrinsically brief, then we must assume that the longer responses recorded during normal propagation are the consequence of the electrotonic contribution of a large number of cells that fire progressively later in the course of transmission. This assumption is not tenable for two reasons. First, it implies an unrealistically large space constant in nodal tissue. No measurements of the space constant of the rabbit AV node are available, but indirect evidence suggests that it is rather small (11) . To explain changes of the magnitude of those shown in Figure 3B , however, it would be necessary to assume that all cells firing later than-the impaled unit contributed to its action potential. Second, when two impulses traveling in opposite directions collide within the AV node one • should expect to obtain action potentials of rather short duration at the collision boundary; for if this boundary is the last part of the node to be activated, there is no subsequent event to react upon it. The results reported in section III show that this was not the case; durations of the responses shown in Figure 7A and C are not significantly different. We may conclude that the brief action potentials recorded when an impulse is blocked do not represent the "intrinsic" response of the nodal cells.
We shall assume, then, that the form and duration of the action potential of an individual cell will to some extent reflect, in direction and magnitude, the potential difference between it and adjacent cells. Three basic patterns must result. (1) When propagation occurs smoothly and continuously in fully recovered tissue, the time course and amplitude of the action potential in any individual element in the pathway will differ very little from that of its neighbors. The potential difference and current flow between them during the repolarization phase will therefore be minimal, and the influence of adjacent cells on the time course of repolarization in the impaled fiber will be negligible. (2) When conduction block occurs inside the node, the potential difference between the most distal active cells and the most proximal units that fail to fire will be large. The local circuits established between the active and inactive regions provide depolarizing current to the cells beyond the boundary, but they will also provide repolarizing current to the distal active region. This current will cause a local response in the cells that fail to fire, but it should also retard depolarization, limit the peak amplitude, and considerably hasten repolarization of the cells just proximal to the block (Fig. 1A) . (3) When propagation barely succeeds, as in relatively refractory tissue, the impulse may stop at a boundary and resume its travel only after a variable delay. During the conduction delay, repolarizing current will tend to limit and abbreviate the action potential of the active region; but as soon as propagation is resumed, the newly excited tissue will provide depolarizing current to the previously active and partially repolarized region, causing a hump and a prolongation of the action potential in these last fells (Fig. IB) .
HYPOTHETICAL MODEL
For the sake of simplicity, let us consider the node as a simple coaxial cable, although a three dimensional or two dimensional sheetlike membrane would be a more accurate model. In the diagrams of Figure 12 , the blocks labelled A, B, C and D represent serial units. In each unit all the membrane conductances are represented by a single resistance. The resistances of the external and internal media are represented by Re and Ri, respectively. Active depolarization is represented by a change in the polarity of the electromotive force across the membrane; the number of symbols indicates the magnitude of the potential across the capacitors. In diagram A, let us assume that elements A and B fire in quick succession and that conduction block takes place between elements B and C. In these conditions, the batteries of the active elements have changed polarity and the potential across the membrane is that indicated by the signs across the membrane capacity. Since elements C and D do not fire, the difference in potential between elements B and C will draw charge from capacitor C and the resulting current will tend to charge capacitor B back to the resting potential. Therefore, depolarizing current will flow through element C, while repolarizing current will flow through B. Repolarizing current, although of lesser magnitude, will also flow through element A. As soon as enough charge has been drawn from condenser C, the elements to the right of C will tend to maintain the resting charge of condenser C. If the membrane resistance of the active elements is high enough, the repolarizing current will decrease duration of the action potentials of the elements proximal to the site of block. At the same time, the elements distal to the site of block will exhibit a local Circulation Rtsurcb, Vol. XIX, Dtctmhtr 1966 depolarization. These changes are illustrated to the right of the diagram; the continuous line represents the brief action potential that can be recorded from elements proximal to the site of block; the discontinuous line represents the local depolarization induced in elements distal to the site of block.
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FIGURE 12
Schematic diagram illustrating the possible cause of the "brief" and "long" nodal transmembrane potentials. In A, an impulse propagating in the direction of the upper arrow is assumed to be blocked between elements B and C. In B, it is assumed that propagation is successful, but only after a delay between the activation of elements B and C. The responses drawn at the right were traced from actual records, proximal and distal to a site of block in
In part B of Figure 12 , let us assume that elements A and B fire in quick succession, but that a marked delay in activation occurs between elements B and C. Before the active response develops in C, the same events described above will take place, but as soon as C and D fire in quick succession, the current flow between B and C will be reversed, as indicated in the diagram. As a consequence, depolarizing current will flow through elements B and A, while repolarizing current will flow through elements C and D. The effect of the repolarizing current will be minimized by the rapid firing of elements distal to D, but the de-
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MENDEZ, MOE polarizing current in B and A will add a hump and will prolong the duration of the action potentials developed in these elements. The changes in transmembrane potentials obtained under these conditions are illustrated to the right of diagram B. The continuous line represents the activity recorded from elements proximal to the site of delay, while the broken line represents the events that take place in distal elements. It is obvious that the time of appearance of the hump and therefore the degree of prolongation of the action potential obtained when propagation is critical will depend on the magnitude of the delay (Fig. 1) .
In the same model, if only negligible delays take place and propagation is therefore essentially continuous, the active elements will depolarize the elements ahead in rapid succession. As a consequence, the amount and influence of the repolarizing current that will flow in the elements that sequentially act as a sink will be greatly minimized. Therefore, relatively long, smooth action potentials will appear across each element.
The influence that elements distal to the site of block or of delay exert on the proximal elements will be a function of the space constant of the tissue. From the results obtained in the present study, a gross comparative estimate of the space constant in various regions of the node can be obtained. In the AN and N regions, the space constant must be rather small. During normograde conduction, an electrode located in the AN region will record essentially the same response, whether or not conduction block takes place between the N and NH region (Figs. 2£ and 2F) . Conversely, during retrograde propagation, the action potential recorded from the N region will not significantly change its configuration when conduction block takes place high in the AN region. The space constant of the NH region, however, is longer. When conduction block of a normograde impulse takes place between the N and NH regions, subthreshold depolarizations can be detected in NH cells at distances close to 1 mm away from the boundary where the impulse stops.
The brief action potentials recorded in the present study during conduction block resemble the spikelike responses obtained by Chumey and Oshima (6, 7) in different heart tissues and species. It is possible that conduction block was a common occurrence in their preparations, and that the brief action potentials were a consequence of the repolarizing current provided by tissue that failed to respond actively during propagation.
When an impulse initiated in the atrium is arrested within the N region, the tissue beyond remains excitable and can be discharged by a suitably timed retrograde impulse, as demonstrated in section III. The retrograde response will, of course, be extinguished at the same boundary. The electrotonic interaction between cells on either side of the collision boundary will now depend on the timing of the retrograde response, and it will influence both groups of cells in a way which can be predicted in terms of the model of Figure 12 . In the absence of the retrograde impulse, duration of the action potential of cells proximal to the block will be abbreviated by repolarizing currents from the inactive tissue beyond, but when a retrograde impulse discharges the distal elements, the potential difference will be reversed and the proximal action potential will be prolonged. In Figure  8A , for example, the phase of rapid repolarization in the N cell in response to the normograde impulse evoked by S 2 was aborted and reversed by the retrograde response to S a . In the NH cell distal to the boundary, on the other hand, duration of the action potential following SB was significantly shorter than the propagated response in Figure 8B . In other words, the current flow between the two regions was depolarizing for the N cells, and repolarizing for the NH elements, and durations of the action potentials of cells on either side of the collision boundary thus tended to approximate each other. From this observation it can be concluded that in a functional syncytJum with cable-like properties it would be impossible, during continuous propagation, to record potentials of very different durations from two contiguous cells, even though the "intrinsic" duration of the responses of the cells might be quite different. This conclusion is illustrated schematically in Figure  13A , which represents propagation and recovery at the junction of two tissues in which durations of the action potentials are intrinsically different. Above the junction, in the tissue with the briefer intrinsic action potential, repolarization and recovery from the refractory period will be delayed, and below it, repolarization will be accelerated by the electrotonic interaction. The cells closest to the junction will, of course, be subjected to the greatest influence. As a result, a transitional zone appears, but no sharply defined boundary will be apparent. The possible significance of this phenomenon at the junction of Purkinje fibers with ventricular muscle will be treated in a separate publication.
WEAK REGIONS FOR AV NODAL PROPAGATION
In section I (Fig. 4) , it was shown that the amplitude and duration of the brief action potentials recorded proximal to the site of block depend on the prematurity of the test response. These results suggest that the blocked impulses penetrate to varying depths.
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In diagram B, Figure 12 , the action potential generated across element B should be briefer than that across element A, since B will be subjected to a greater current flow. Therefore, when an impulse dies shortly beyond an impaled unit, the duration of the recorded action potential will be related to the distance traversed beyond the fixed location of the microelectrode.
Alanis and Benitez (5) have reported that humps in the repolarization limb of nodal action potentials could be recorded only in the transition from the lower node to the bundle and in the transition between atrium and upper node. According to these authors, the middle node does not exhibit the phenomenon and therefore conduction block or delays in propagation would occur only in the transitional cells. The results obtained in the present study, as well as observations reported by Moore (12) , fail to support this conclusion. Although it seems clear that for normograde propagation, two zones in the node are more prone to show conduction block (namely, the transition from N to NH cells and a region located high in the AN region), the evidence obtained shows that the boundaries where an impulse may stop are not fixed and, among other factors, they depend on the prematurity of a test response. Thus, in Figure 2 , conduction block took place at five different levels determined by the AiA 2 interval. Three of these levels were inside the AN region ( Fig. 2A-C) . In Figure 9 , the second test response, A 3 , could be blocked at two different levels within the N region. The short action potential recorded in Figure 9C indicates that conduction block took place distal to the location of the microelectrode, whereas the local response recorded when A 3 was more premature (Fig. 9B) indicates that the impulse stopped closely proximal to the impaled cell. In other experiments, when the driving frequency was too high to permit 1:1 transmission (atrial cycle 150 to 190 msec), it was possible to record from any given region of the node except the lower NH region all the phenomena reported in the present paper. In other words, any given nodal cell could give rise in the course of time to local responses, brief action potentials, long action potentials with a hump in the repolarizing limb, or almost normal action potentials. From cells located low in the NH region, it was possible to record only local responses or normal action potentials. It seems, therefore, safe to conclude that the phenomena under consideration are not the exclusive property of transitional cells and that they can be obtained almost everywhere in the node.
NATURE OF THE NODAL "LOCAL RESPONSES"
It has already been mentioned that when conduction block takes place inside the node, the subthreshold depolarizations recorded from cells distal to the site of block can be explained in terms of diagram A of Figure  12 . These local responses can be considered as the electrotonic manifestation of the brief action potentials developed in the last cells engaged actively during propagation. Accordingly, the duration of the local responses was also brief. In section I (Fig. 5) , local responses increasing in size and changing their configuration were described. It seems reasonable to assume that when the recording microelectrode is relatively distant from the site of block, only a passive electrotonic depolarization will be obtained. The size of this local response will increase the closer the microelectrode is approached by the active wave front. In regions closely bordering the active area, clear changes in the configuration of the local depolarization were recorded ( Fig. 5C and D) . These changes can be reasonably ascribed, following the terminology proposed by Hodgkin (9) , to the participation of true local responses; that is, to active nonlinear processes that do not reach threshold.
DEPENDENCE OF THE REFRACTORY PHASE OF THE AV NODE UPON THE CHARACTERISTICS OF TRANSMISSION
The evidence obtained in section IV indicates that the refractory phase of nodal cells and the duration of the action potentials are closely associated (Figs. 9-11 ). These observations provide an explanation for some features of premature impulse propagation through the node.
When an impulse stops at a given boundary and resumes its travel after a significant delay, the refractory phase of the cells distal to the boundary will not be prolonged per se. However, in terms of the propagation of a subsequent impulse, the temporal shift is entirely equivalent to an increase in the refractory period. On the other hand, the action potential of a cell just proximal to the site of delay will be prolonged, and therefore its actual refractory phase will also increase. These points are illustrated in Figure  13B . The diagram represents a segment of a conduction pathway under conditions that cause a brief delay of the impulse at each of two sites. The resulting shift in the time of recovery at the junctional zones would, of course, postpone the time at which a subsequent input could successfully traverse the system.
The time shifts associated with discontinuous propagation can provide an explanation for the relatively small dependence of the functional refractory period of the AV node on cycle length (13). During 1:1 propagation, as the basic cycle is decreased, progressively longer delays will develop at one or another boundary within the node. The action potentials of the elements proximal to the site of delay will accordingly increase in duration and their refractory periods will also be prolonged, as indicated in Figure 13B . This factor must partially counteract the opposite influence that cycle length per se might have on the refractory phase of nodal cells.
It is conceivable that in its travel to the His bundle an early premature atrial response could suffer a series of delays, as in Figure  13B , at different levels inside the node. This kind of propagation would provide an explanation for the extremely long AV or atrium-His intervals observed with early atrial extrasystoles in the mammalian heart in situ (14). The same type of discontinuous propagation can also explain some features of concealed conduction inside the node (15). Thus, depending on the timing of a premature response, arrest of the impulse could occur at either of the sites of delay in Figure 13B . With relatively late premature atrial responses, a delay is frequently observed between the moment of activation of the lower N region and the NH region. Therefore, a subsequent atrial extrasystole, properly timed, would be stopped by a refractory barrier at this same level. For example, in Figure 9C , the test response Ao was just barely able to propagate to the bundle; a delay in propagation occurred between the N and NH regions and the second test response, A 8 , caused a brief action potential in the impaled N cell, but did not engage the NH region. In the schema of Figure 13B , events similar to those displayed in Figure 9 would be recorded from a recording site low in the middle zone. A late A 3 response (Fig. 9C) , penetrating to the refractory shoulder of the lower zone and stopping there, would yield a brief action potential; but an earlier A H would be arrested at the upper shoulder, and only a local response would be recorded (Fig. 9B) .
SYNCYTIAL NATURE OF THE AV NODE
The interactions between various nodal elements under conditions of normal, delayed, or blocked transmission provide indirect but strong evidence that the node functions as a syncyrium. This is particularly true for the brief action potentials recorded proximal to a site of block, and the local responses beyond it. The interactions recorded in Figure  6 , for example, could hardly have been observed if a high impedance barrier were interposed between the two impaled units. In fact, whenever block occurred between two recording sites, evidence of the event could be discerned in the records of one or both sites, unless these were widely separated. Connections with low resistance must, in fact, tend to force neighboring elements to adopt a similar response pattern. For example, when only a local response appeared in a cell in the N or NH region, successful propagation to the His bundle was never observed. If the impaled unit were protected by barriers of high resistance, it is likely that failure of invasion would occasionally occur even though adjacent units, laterally and distally, were discharged. In the AN region, on the other hand, local responses were OrcnUiton Rtitrcb, Vol. XIX, Dtctmbrr 1966 not uncommonly recorded during successful transmission over alternate routes from atrium to His bundle. Evidence that such events are due to an effective longitudinal dissociation of the upper nodal region has been separately reported (16). In this special case, lateral transmission appears to be difficult or impossible; either an anatomic barrier or a high resistance connection unit must separate the two dissociated pathways.
